The application of recently introduced IMO regulations for reduction of CO 2 gaseous emissions as well as the initiatives 10 for greener shipping, rendered the efforts for improving on-board energy systems performance to be of high priority. 11
Investigation of ship cooling system operation for improving energy efficiency 1 Introduction 26
The last decade, ships energy efficiency and environmental performance have been of highest importance in shipping 27 industry due to the fuel oil prices increase and the stringent emissions legislation concerning greenhouse gas emissions 28 [1] . In this respect, the shipping industry has intensified its efforts for reducing ships energy consumption and gas 29 emissions. Inevitably, the area of interest for many research groups and industry is focused on the performance 30 improvement of the major on-board energy consumers, i.e. propulsion plants, hull/propeller etc. However, the ship 31 auxiliary systems have not been attracted much attention, since their contribution to the total energy consumption is 32 substantially lower than the respective one of the ship propulsion system. 33
The majority of the ship electrical energy utilisers include pumps, compressors and fans/blowers. Since the ship cooling 34 systems usually comprise the largest ship pumps and operate for the majority of the ship lifetime, they are considered of 35 vital importance in terms of improving the ship energy efficiency. Presently, the standard design methods for the cooling 36 systems are based on considering the worst case scenarios e.g. tropical conditions and all the ship engines/machinery 37 operating at their maximum load. As a consequence, the installed on-board systems are oversized and in turn, they 38 demand a significantly greater amount of energy. Therefore, there is enough space for energy efficiency improvement at 39 the design stage as well as during operation considering the introduction of new available technologies, such as variable 40 frequency drives [2] . 41 The typical pumps that are used by the shipping industry work at a constant speed under the rated (nominal) frequency 42 (usually 60 Hz) without taking into consideration the real system thermal power needs. In addition, the on-board system 43 fluid flow control is performed with the use of bypass branches and/or throttling valves [2] . It is inevitable that the 44 commonly used techniques end up to the system inefficient operation and therefore, energy saving technologies can be 45 utilized as potential solutions [2] [3] . In this respect, the pump motor speed control using Variable Frequency Drives 46 (VFD) might be an effective solution that has not been adapted yet to a great extent in the shipping industry [ The LT fresh water cooling system employs two (three in some cases) pumps [7] to service the main engine (M/E) 90 (scavenging air cooler, lubricating oil cooler and HT fresh water cooler) and the auxiliary machinery components 91 (Diesel-Electric generator (D/G) sets, air compressor, topping up cooler, dump drain cooler etc.). The temperature of the 92 fresh water entering the system coolers is controlled by a three-way valve, which is continuously adjusted to maintain 93 the temperature level at 36 o C. When the system operating conditions differ from the system design point (less heat has 94 to be removed), the three-way valve mixes a flow at a lower temperature exiting from central cooler and a hotter 95 by-pass flow (returning from system coolers and components). That is required since the low temperature fresh water 96 pumps operate in constant speed and therefore, their flow rate does not depend on the serviced machinery instantaneous 97 heat capacity. On the other hand, in the case of the variable pump speed, the flow rate can match the actual needs of the 98 system and therefore, the three-way valve can remain in a position where the by-pass flow is zero. 99
The HT fresh water cooling system uses two pumps connected in parallel (one operates whilst the other remains standby) 100 at lower temperature exiting the HT fresh water cooler and the hot water flow exiting the engine. This is not required for 104 the case of variable speed pump, where the pump speed is adjusted, so that the water flow exiting the engine is kept at 105 the required temperature of 80 o C. 106 107 3 System modelling 108
In this work, the steady state operation of the integrated system of sea water/fresh water cooling system that is shown in 109 The head loss (in meters) of the system branches is calculated by taking into account the friction loss and the fittings 115 loss (valves, elbows, etc.) 
where HE Q  is the heat transferred from the hot fluid to the cold fluid, is the fluid density, c p is the fluid specific heat at 141 constant pressure, T in is the fluid inlet temperature and T out is the fluid outlet temperature. 142
Considering that there is no heat losses on the system heat exchangers, the energy balance results in the following 143 
The continuity equation applied in each system node and considering incompressible flow gives the following equations: 165
In the nodes where mixing of two flows occurs, the energy conservation provides the following equation: 167 The motor and drive efficiencies can be estimated according to the data provided in [13] . The considered variable speed 175 drive efficiency as a function of its load percentage is shown in Figure 3 . The maximum pump efficiency was estimated 176 based on the volumetric flow rate and specific speed [12] . Then, the pump efficiency as function of its volumetric flow 177 rate was estimated using the maximum pump efficiency, the specific speed and the normalised diagrams provided in [14] . 178
In order to estimate the pump characteristic at a speed value different that the pump rated speed, the affinity laws were 179 used [15] . According to them, similar operating points will exhibit the same efficiency and the volumetric flow rate, head 180 and speed are related using the following equations: 181   The integrated sea water/fresh water cooling system of a typical handymax bulk carrier of 52,000 mt deadweight was 215 investigated by using the modelling approach described in the previous section. The ship uses a two-stroke marine 216
Diesel engine for propulsion that delivers 11,600 kW at its MCR point. In addition, two Diesel generator sets of 500 kW 217 each are used for supplying the required ship electric energy. The characteristics of the pumps servicing the sea water 218 and LT/HT fresh water cooling systems at their nominal operating points are presented in Table 1 . 219
The integrated cooling system operation was simulated at various M/E operating conditions and considering that two 220 majority of the ship operation, one D/G set can cover the ship electric power demand, however the assumption of two 222 operating D/G sets was considered in order to take into account a more demanding scenario for the operation of the ship 223 cooling system. Various scenarios were considered for the cooling system pumps including the pumps operation at fixed 224 speed, the pumps speed control and setting two different constraints for the temperature difference at the system heat 225 exchangers sides. 226
In addition, the annual required energy was estimated for each scenario based on the annual engine operating profile 227 according to the data presented in The main engine and D/G sets heat capacities were obtained by the manufactures project guides [18, 19] . The cooling 236 systems characteristics were estimated based on the ship piping systems drawings and the list of machinery. An amount 237 of 4% losses for additional equipment losses (heat, cabling, etc.) was included in the calculations. In all the examined 238 cases herein, the temperature of sea water entering the central cooler was considered to be 25 o C, whereas the set points 239 of the LT and HT three-way valves were taken as 36 o C and 80 o C, respectively. As the cooling system should be able to 240 cover the main engine and ship machinery requirements under varying conditions (from arctic to tropic; from low loads 241 to full load), the system is designed to withstand the extreme conditions and thus, the corresponding calculations are 242 usually carried out at the maximum bearable (for the system) temperature of 36 o C for the LT fresh water. Therefore, in 243 the present study we used this temperature set point and calculated the system pumps power demand considering 244 various operating cases (pump speed different than the baseline). This results in a demanding operating scenario for the 245 cooling system as usually the sea water temperature and the set point for the LT fresh water temperature are less and 246 therefore, greater openings of the three-way valve (in comparison with the predicted values presented below) are 247
expected. 248
The LT three-way valve temperature set point may only slightly affect the main and auxiliary engines brake specific fuel 249 consumption as it can influence the air coolers operation and up to an extent the engines scavenging air temperature. 250
However, as it is mainly adjusted to match the prevailing environmental conditions, its contribution on the ship engines 251 operation cannot readily identified. It must be noted that such an investigation is outside the scope of the present study. 252
The first investigated scenario considers the pumps operation at their rated speed, i.e. at 1200 r/min. The obtained 253 results for the operation of the M/E at four different loads (namely 25%, 50%, 75% and 100% of its MCR point) 254
considering that two D/G sets operate at 55% load in all cases are presented in Table 2 . The calculations were based on 255 the constraint that the temperature difference at the coolers sides should be greater than 5 o C as proposed to [16] . By 256 elaborating the results of Table 2 , it can be inferred that the central cooler thermal flows (fresh water/sea water) have 257 been in adequate convergence with difference less than ±0.5% (differences lower than ±1.3% were obtained for the 258 results presented in the subsequent Tables 3-5). When the ship main engine operates at 100% load, two sea water pumps 259 and two LT fresh water pump should operate in order to satisfy the system heat demands. However, the obtained flow 260 rates for the each operating SW and LT fresh water pumps were lower than their nominal ones, which means that there 261 is adequate capacity for covering additional heat removal needs from the rest auxiliary machinery. The flow rate of the 262 HT fresh water pump is slightly lower than its nominal value as this system covers only the main engine jacket water 263 needs. The temperature differences at the central cooler sides are 6.9 o C and 11 o C, respectively. For the operation of M/E 264 at lower loads, one pump of each group (i.e. seawater, LT fresh water, HT fresh water) is required to cover the system 265 needs. All operating pumps run at flow rates slightly lower than their nominal values and therefore, the power demand 266 is expected to be close to the rated power, which can also be inferred by comparing the data contained in Tables 1 and 2 . 267
Another point that needs attention is the pressure level of the LT and HT fresh water entering the main and auxiliary 268 engines. According to the main engine manufacturer, a typical range for the HT fresh water manometric pressure is 269 between 3.5 and 4.5 bar with the alarm limit typically being set at 2 bar. The respective typical range for the engine air 270 cooler manometric pressure is 2-4.5 bar with the low alarm lever being set at 1 bar. By taking into account that the LT 271 and HT systems expansion tanks are installed 15 m above the respective pumps suction pipes, the calculated 272 manometric pressure values for the case of 100% load main engine operation were found to be 2.55 bar for the air 273 cooler and LO cooler inlets, respectively, and 3.75 bar for the main engine HT inlet. Similar values were obtained for 274 the other investigated cases, as the pumps operating points were very close to the operating points for the 100% main 275 engine load case. As it was expected, the calculated pressure values lay within the recommended ranges for the pumps 276 operation at their nominal speed of 1200 rpm). In addition, although the engine manufacturer proposes a recommended 277 head value for the sea water pump, there is not any specific requirement for the sea water pressure level. 278
A second case was simulated considering the system pumps operation at 1100 r/min, which can be obtained by using a 279 variable speed drive. The obtained results for the operation of the M/E at four different loads (namely 25%, 50%, 75% 280 and 100% of their MCR points) considering the two D/G sets operate at 55% load are presented in Table 3 . For the case 281 where the ship main engine operates at 100% load, the sea water and HT fresh water pumps can cover the system 282 requirements; however the LT fresh water pumps need to operate at their rated speed in order to satisfy the system 283 constraint (5 o C temperature difference at heat exchangers sides). Furthermore, even though at full load the LT pumps 284 operate at the rated speed, their power demand is higher compared to baseline case due to the losses of the variable 285 frequency drive. However, there is a reduction in the total required power by 11.6 kWe (113.9 instead of 125.5 kWe), i.e. 286 in percentage of 9.24%. When the ship main engine operates at lower loads, one pump unit from each group is adequate 287 to cover the system needs as the total heat capacity is lower, and as a result less total power (compared to the case where 288 the main engine operates at 100% load) is required. 289
For the 25% load operation of the main engine, the manometric pressure upstream the main engine LO and air coolers 290 was calculated at 2.4 bar, whereas the a value of 3.4 bar was derived for the manometric pressure at the main engine 291 jacket circuit inlet. It can be inferred that there is a leeway for the LT pumps to operate at a lower speed, however the 292 HT pump marginally provides the required pressure level in the HT cooling water system. 293
The total required power as function of the M/E load for the two scenarios presented above is shown in Figure 6 . The 294 electric power demand reduction when the pump speed is reduced lies in the region of 9.24% for the 100% main engine 295 load operation and 14.4% for operation of the main engine at lower loads. As it can be also seen in Figure 6 , the total 296 power demand depends on the number of the operating pumps and their speed. In both the investigated cases, the power 297 demand is almost constant for the operation of main engine for 25% to 75% load where one pump of each group 298 operates. Therefore, it is concluded that there is potential for reducing the system power demand by using variable 299 speed drives and appropriate control of the cooling system pumps speed. 300
The system operation considering the usage of variable speed drives was simulated and the pumps speed values that 301 13 13 result in the minimum power demand were calculated for the cases of setting the constraint for the minimum 302 temperature difference at 5 o C (denoted as Tmin1) and 10 o C (denoted as Tmin2) at the system heat exchangers sides. 303
The former represents a realistic operating scenario, whereas the latter represents a more demanding scenario for the 304 system actual operation. The respective results are presented in Tables 4 and 5 and in Figure 7 . For the former case 305 (Table 4) , the system pumps speed values are considerably reduced in comparison with the baseline case, and as a result 306 the total power demand is significantly lower. For the latter case (Table 5) , the power demand is higher but is still lower 307 than the one of the baseline case for M/E load lower than 75%. For operation of the ship main engine at 100% load, the 308 sea water pump must provide greater flow rate in order to satisfy the 10 o C sides temperature difference constraint and 309 therefore, greater SW pump speed is needed (1380 r/min instead of 1200 r/min), which results in greater power demand. 310
With regards to the manometric pressure constrains for the main engine operation at 25% load (the rotational speed fo 311 LT and HT pumps were found to be 500 and 550 r/min, respectively), the calculated values were 1.7 bar for the LT 312 cooling system (upstream LO and air coolers) and 2 bar, respectively. Both values are outside the recommended ranges. 313
In addition, the HT system alarm will be triggered at this operating pressure level. Therefore, it can be deduced that the 314 operation of the LT and HT cooling pumps at so low rotational speed cannot be allowed, unless a change in these 315 system design is investigated. A possible solution on this is the proposal of closed pressurised expansion tanks for each 316 cooling system (industrial expansion tanks with volumes up to 15 m 3 are available). 317
Finally, the estimation of the annual energy demand of the integrated cooling system is presented in Figure 8 . The 318 annual ship operating profile was taken into account as well as the ship annual sailing hours, which were estimated by 319 considering an average round trip distance of 9.000 nm, a sailing speed of 12 knots and 15% maintenance time. It is 320 inferred from the results shown in Figure 8 that there is a noteworthy potential for energy saving from the operation of 321 the cooling system if variable speed drive technologies are used on-board ships. 322 323 
